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Beam dump experiments at the intensity frontier are a power-
ful tool to explore the Dark Sector. We present two proposals
that will make use of the high-intensity electron beams of Jef-
ferson Lab (up to 11 GeV) and MESA at Mainz (155 MeV) to
produce and detect Light Dark Matter in the MeV to GeV mass
region. The two experiments share a common detector concept:
an electromagnetic calorimeter surrounded by an active veto,
optimized to their respective mass and energy ranges. An al-
ternative option, using a low-pressure, negative-ion TPC is also
proposed. With a year of beam, BDX and DarkMesa will ex-
plore unexplored regions of the parameter space of dark-matter
coupling versus mass, exceeding the discovery potential of ex-
isting and planned experiments by up to two orders of magni-
tude. Both experiments were approved by the Program Advi-
sory Committees of their respective labs and are waiting to move
into the construction phase.

Introduction

If the dark and visible matter have sufficiently large inter-
actions to achieve thermal equilibrium during the early uni-
verse, the resulting DM abundance greatly exceeds the ob-
served density in the universe today: thus, a thermal origin
requires a sufficient DM annihilation rate to deplete this ex-
cess abundance and agree with observation at later times. For
thermal dark matter below the GeV scale, this requirement
can only be satisfied if the dark sector contains comparably
light new force carriers to mediate the necessary annihilation
process. Presently there are significant regions of parameter
space that are uncovered by existing experiments. We present
a program of beam dump experiments that are sensitive to
such new light-force carriers. See Ref. (1) for details.

Such “mediators” must couple to visible matter and be neu-
tral under the Standard Model (SM) gauge group, so the op-
tions for possible mediators can be enumerated in an econom-
ical list. A popular representative model involves a so-called
“dark photon" A’ with mass m,, and Lagrangian in the in-

teraction basis(2)
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where Fli,, = 8, A}, — 0, A/, is the dark photon field strength,
Fu =0,A,-0,A, is lﬁe electromagnetic field strength,
gp = VAmay is the dark gauge coupling, J}, is the current
of DM fields, and ¢ parametrizes the degree of kinetic mixing
between dark and visible photons. Although the interaction
basis Lagrangian initially has no coupling between the A’
and SM particles, diagonalizing the kinetic term induces an
¢ proportional coupling between A’ and the EM current of
SM particles f with charges Q ;. The phenomenology of the
DM interaction depends on the DM/mediator mass hierarchy
and on the details of the dark current J§). If there is only one
dark sector state, the dark current generically contains elastic
interactions with the dark photon. However, if there are two
(or more) dark sector states the dark photon can coupk to the
dark sector states off-diagonally. This latter scenario can kead
to distinct signatures, for which beam-dump experiments are
especially suited.

In the paradigm of a thermal origin for DM, it would have
acquired its current abundance through direct or indirect an-
nihilation into SM. If the mediator is heavier than the DM,
the thermal relic abundance is achieved via direct annihi-
lation xyx — ff. where [ are SM fermions, with a cor-
responding annihilation rate scaling as ov,, _,7r Xy =
ap (m';“’:m 4. This scenario offers a predictive target
for discovery or falsifiability, since there is a minimum SM-
mediator coupling compatible with a thermal history that ex-
periments can probe.

The BDX experiment at JLab  The fixed target phenomenol-
ogy of stable LDM particles is well-described by the simple
case presented in the previous section (for further details see
Ref. (1)). In an electron beam-dump experiment, LDM par-
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Dark forces and dark matter
(Light WIMPs - light mediators)

Dark Sector 4 parameters: Ty, TN AT €, Gy

my ~ mar ~ MeV —5 GeV

e Minimal decay
e Decay regulated by €2

¢ Independent of mx

e Requires ma<2mx

e Depends on 4 parameters - A'
e ma > 2mx (on-shell) s
® Xp= g%/4TT >> €20Xem

Lie de

(not e-supressed!)
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The BDX experiment
Two step process
l) An electron radiates an A’ and the A’ promptly decays to a X (DM) pair
Il) The X (in-)elastically scatters on a e/nucleon in the detector producing a visible recoil (GeV)
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e Intense electron beam Inelastic on nuclei

o ~ few GeV range energy

Experimental signature in the

detector: X-electron — EM shower ~GeV energy

Beam Dump experiments with electron beams M.Battaglieri - JLAB/INFN



BDX at JLab

* High energy beam available: | | GeV
* The highest available electron beam current: ~65 uA
* The highest integrated charge: 1022 EOT (41 weeks)

* BDX detector located downstream of Hall-A beam dump
* New underground experimental hall
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The BDX detector

Detecting
the X

Modular EM

calorimeter

* 8 modules 10x10
crystals each

« 800 Csl(Tl)
crystals (from
BaBar EMCal)

* 6x6 mm?
Hamamatsu SiPM
readout

* 50 x 55 x 295 cm3

X beam

P

JefferSon Lab
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\ Energy (MeV)
Expected cosmic bg counts in

E.M. Calorimeter Rejecting the bg

A homogeneous crystal- Two active veto Iayers

. e-
based detector c?mblnes all  pjastic scintillator +WLS with begm ot
necessary requwements SiPM and PMT readout
“lron l
e - * Quter Veto: 2cm thick Hall A beam BDX g
- * Inner Veto: | cm thick dump
detector

e Lead Vault: 5cm thick

* Cosmic background measured with

& E ’ E>E r
the BDX detector prototype in CT xBenton be by GEANTS Th

* Muons are ranged out by the iron shielding
* Non-negligible contribution of high energy ne
detector by CC: V+ N = X + e

~_BDX-proto
'fu_l/I)>a\ss\emb+ed"’
atINFN-CT

Count rate measured in | crystal

N

Tu,n.y > 100 MeV -

Tv> 10MeV

All cosmics

BDX lifetime < 2 counts
Expected beam-related counts

in BDX lifetime ~ 10 counts

s
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BDX expected reach

Beam time request Beam-related background Cosmic background

e 022 EQOT (65 uA for 285 da)’S) Energy threshold Ny (285 days) Energy threshold v Bg (285 days)
e BDX can run parasitically to any Hall-A

Ebearn™> 10 GeV experiments (eg Moeller) 300 MeV ~10 counts 300 MeV <2 counts

BDX sensitivity is 10-100 times better than existing limits on LDM

Inelastic X-N scattering

Leptophilic Inelastic DM, m, = 10 MeV, A =50 MeV, ap=0.1

Elastic X-e- scattering - BDX reach
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_ ‘ A Downstream of the Hall-A beam dump
BDX-MINI R ool

* Two wells dug for bg muon tests

* Epeam=2.2 GeV, no muons

* Limited reach but first physics result!

*44 PbWO4 PANDA/FT-Cal
crystals (~1%V BDX)

* 6x6 mm2 SiPM readout

*2 active plastic scintillator
vetos: cylindrical and
octagonal (8 sipm each) + 2x
lids + Passive W shielding

BDX-MINI
E10¢>200 MeV + anti-coinc
E1oc> 100 MeV + anti-coinc

— 7

JefferSon Lab

Hall-A beam-dump Proposed BDX new
vault 7 experimental Hall

Vertical overburden = 10.0 mwe

Dirt density = 1.7 g/em’

Concrete density = 2.7 gicm’

BDX dimensions = 70 x 165 x 250 cm’
Tron = 700 cm, Weight=404 t

Grade level = 762 cm above beamline

Dump to detector = 2064 cm

Z (cm)

* Installed in March 2019

* Run form Dec 2019 to Aug 2020

* Collected 4e2| EOT (40% BDX!) in ~4 months (+ cosmics)
* Good detector performance with high duty factor

* Data analysis in progress
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MESA@MAINZ  _~ BeamDump@MAINZ
DARKMESA

P2 target Beam dump Concrete walls DarkMESA

>

.\600“6

e
BABAR 2017

~1000 crystals and
photomultipliers from the
former A4 experiment PbF, crystals

~Tm

+ additional Pb glass

aD=0.5and my'=3 -my
3-1022EOT
Energy detection threshold 14 MeV
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5 Detector efficiency 90%
Dark matter mass m, (GeV/c") « No backgrounds
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Workplan Completion
Theory and physics case 100%
Detector R&D: signal detection and BG rejection 100%
Detector prototyping: cosmic BG assessment 100%
Detector prototyping: beam-related BG assessment 100%

BDX proposal submission to JLab Program Advisory Comm

Full approval: Rate A

Costs estimate

baseline defined (FOA presented)

BDX-MINI run 100%
Infrastructure waiting
Running BDX 2027-2028 in parallel Moeller exp

* BDX is ready for the construction phase (waiting for the new Hall to be built)

* Ready for a contributed paper

* Between now and Snowmass: publish BDX-MINI results

* Expected Snowmass outcome:

recommendation: funding infrastructures (new hall + shielding) to run BDX at |Lab
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